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(57) Abstract: The invention features methods and systems for interferomeirically profiling a measurement object (40) having mul- 
tiple reflective surfaces (44, 46), e.g., to profile a selected one of the multiple reflective surfaces. The methods and systems involve: 
^ positioning the measurement object within an unequal path length interferometer (20) (e.g., a Fizeau Interferometer) employing a 
• — tunable coherent light source (22); recording an optical interference image (32) for each of multiple wavelengths of the light source, 
JUj each image including a superposition of multiple interference patterns produced by pairs of wavefronts reflected from the multiple 
surfaces of the measurement object and a reference surface; and extracting phases of a selected one of the interference patterns 
from the recorded images by using a phase- shifting algorithm that is more sensitive (e.g., at least ten times more sensitive) to a 
^ wavelength -dependent variation in the recorded images caused by the selected interference pattern than to wavelength-dependent 
^ variations in the recorded images caused by the other interference patterns. 
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METHOD AMD SYSTEM FOR PROFILING OBJECTS ■ * 

• i 

5 Background of the Invention 

i ' 1 

The invention relates to, a wavelength-tuning, phase-shifting interferometry. 

i - 

Interferometric optical techniques are widely used to measure optical thickness, 

i ■ ■* 

flatness, ( and other geometric and refractive index properties of precision optical 
components such as glass substrates used in lithographic photomasks. 
1 0 For example, to measure the surface profile of a measurement surface, one can 

■ 

use an interferometer to combine a measurement wavefront reflected from the 
measurement surface with a reference wavefront reflected from a reference surface to 
form an optical interference pattern. Spatial variations in the intensity profile of the 
optical interference pattern correspond to phase differences between the combined 

1 5 measurement, and reference wavefronts caused by variations in the profile of the 

measurement surface relative to the reference surface. Phase-shifting interferometry 
(PSI) can be us6d to accurately determine the phase differences and the corresponding 
profile of the measurement surface. 

With PSI, the optical interference pattern is recorded for e^ch of multiple phase- 

20 shifts between the reference and measurement wavefronts to produce a series of optical 
interference patterns that span a full cycle of optical interference (e.g., from constructive, 
to destructive, and back to constructive interference). The optical interference patterns 
■ define a series of intensity values for each spatial location of the pattern, wherein each 
series of intensity values has a sinusoidal dependence on the phase-shifts with a phase- 

25 offset equal to the phase difference between the combined measurement and reference 
wavefronts for that spatial location. Using numerical techniques known in the art, the 
phase-offset for each spatial location is extracted from the sinusoidal dependence of the 
intensity values to provide a profile of the measurement surface relative the reference 

» 

surface. Such numerical techniques are generally referred to as phase-shifting 

■ 

30 algorithms. 

The phase-shifts in PSI can be produced by changing the optical path length from 
the measurement surface to the interferometer relative to the optical path length from the 
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i 

reference surface to the interferometer. For example, the reference surface can be moved 
relative to the measurement surface. Alternatively, the phase-shifts can be introduced for 
a constant, non-zero optical path difference by changing the wavelength of the 
measurement and reference wavefronts. The latter application is known as wavelength 

5 tuning P$I and is described, ejg., in U.S. Patent No. 4,594,003 to G.E. Sommargren. 

Unfortunately, PS1 measurements can be complicated by .spurious reflections 
from ojther surfaces of the measurement object because they too contribute to the optical 
interference. In such cases, the net optical interference image is a superposition of 
multiple interference pattern s' produced by pairs of wavefronts reflected from the 

10 multiple surfaces of the measurement object and the reference surface. 

i ■ 

i 

, Summary of the Invention 
The invention features a method for extracting selected interference data from 
overlapping, optical interference patterns arising from spurious reflectipns. The method 

1 5 takes advantage of the fact that for each interference pattern, a change in optical 

wavelength induces a phase-shift that is substantially linearly proportional to thQ optical 
pith, difference (OPD) corresponding to the two wavefronts giving rise to the interference 
patterti. In other 1 words, the intensity profile of each interference pattern has a sinusoidal 
dependence on wavelength, and that sinusoidal dependence has a phase-shifting 

20 frequency proportional to the OPD for that interference pattern. To extract the phase- 
information of the, interference pattern of interest, the method employs a 1 phase-shifting 
algorithm that is more sensitive to the phase-shifting frequency of the selected 
interference pattern than to those of the other interference patterns in the image. 

In general, in one aspect, the invention features a method for interferbmetrically 

25 profiling a measurement object having multiple reflective surfaces. The method includes: 
positioning the measurement object within an unequal path length interferometer (e.g., a 
Fizeau interferometer) employing a tunable coherent light source; recording an optical 
interference image for each of multiple wavelengths of the light source, each image 
including a supeiposition of multiple interference patterns produced by pairs of 

30 wavefronts reflected from the multiple surfaces of the measurement object and a 

reference surface; and extracting phases of a selected one of the interference patterns 

2 
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from the recorded images by using a phase-shifting algorithm that is more sensitive (e.g., 
at least ten times more sensitive) to a wavelength-dependent variation in. the recorded 
images caused by the selected interference pattern than to wavelength-dependent 
variations in the recorded images caused by the other interference patterns. 
5 Embodiments of the profiling method can include any of the following features. 

The phase-shifting algorithm can include a phase calculation equal to an arctangent of a 
• ratio, the numerator and denominator of the ratio being weighted sums of intensity values 

of the recorded images at each spatial coordinate. More specifically, the phase-shifting 
t algorithm can be a Fourier-series phase-shifting algorithm. The multiple wavelengths can 
10 be spaced from one another to impart substantially equal phase-shifts between the 

i ' * 

selected interference patterns in consecutive images. Furthermore, the multiple 
wavelengths can be spaced from one another to impart an absolute phase-shift of less 
than 27i, between the selected interference patterns in consecutive images. Alternatively, 
the multiple wavelengths can be, spaced from one another to impart an absolute phase- 
1 5 shift of greater than 2n between the selected interference patterns in consecutive images 
(i.e., sub-Nyquist sampling). 1 

, In general, in another aspect, the invention features a method for " 

\ 1 ■ 

interferometrically profiling a measurement object having multiple reflective surfaces. 
The method includes: positioning the measurement object within an unequal path length 
20 interferometer employing a tunable coherent light source; recording an optical 

interference image for each of multiple wavelengths of the light source, each image 
including a superposition of multiple interference patterns produced by pairs of 
wavefronts reflected from the multiple surfaces of the measurement object and a 
reference surface; and extracting phases of a selected one of the interference patterns 

■ 

25 from, the recorded images by using a Fourier-series phase-shifting algorithm. 

The Fourier-series phase-shifting algorithm can include a phase calculation equal 
to an arctangent of a ratio, the numerator and denominator of the ratio being weighted 
sums of intensity values of the recorded optical interference patterns at each spatial 
coordinate. For example, the phase calculation can corresponds to: 

30 
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tan(6) = 



-3(gQ-gi2)-4(gi-gii)^12(g 3 "g9) + 21 (g4-g8) + 16 (g5'g7y 
- 4(gl + g u ) - 1 2(g 2 + g3 + 89 + ft 0 ) + 1 6 (£5 + Si ) + '24g 6 



where fpr each spatial coordinate, 9 is the phase extracted by the algorithm and gj is the 
intensity, value of the n f h " image, and where the, wavelength shift AX between consecutive 

5 patterns corresponds to. a phase shift substantially equal to n/4 for the selected 

■ 

interference pattern. , ( 

i ■ 
In general, in a further aspect, the invention features a system for profiling a 

measurement object having multiple reflective surfaces including a tunable coherent light 

source, an unequal length interferometer (e.g., a Fizeau interferometer), a detector, and a 

* 

10 system controller.' The light source is configured to generate light at any one of multiple 
wavelengths. The interferometer includes a mount configured to position a selected one 
of the reflective surfaces of the measurement object at a non-zero distance Z from the 
zero optical path difference (OPD) position of the interferometer. The distance Z is less 

than about nT/2, nT being the smallest optical distance between two of the multiple 
1 5 reflective surfaces of the measurement object. The interferometer is also configured to 

receive the }ight from light sourc,e and generate an optical interference image including a 

r i 

superposition of multiple interference patterns produced by pairs-of wavefronts reflected 
from the multiple surfaces of the measurement object and a reference surface. The 
detector is configured to record the optical interference image generated by the 

■ * 

♦ 

20 interferometer. The system controller is connected to the light source and the detector. 
During operation it causes the light source to generate light at each of the multiple 
wavelengths, causes the detector to record the image for each of the multiple wavelengths 
of the light source, and implements a phase-shifting algorithm to determine phases of a 
selected one of the interference patterns from the recorded images. 

25 Embodiments of the profiling system can have any of the following features. The 

distance Z can satisfy the expression nT/2 >Z> nT/5 , for example Z can be equal to 
about nT/3 . The phase-shifting algorithm implemented by the controller can be more 
sensitive to a wavelength-dependent variation in the recorded images caused by the 
selected interference pattern than to wavelength-dependent variations in the recorded 
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I 

I 

images caused by the other interference patterns. The phase-shifting algorithm 
implemented by the controller can be a Fourier-series phase-shifting algorithm. 

In general, in a further aspect, the invention features a system for profiling a 

* 

measurement object having ipultiple reflective surfaces including: including a tunable 
5 coherent light source, an unequal length interferometer (e.g., a Fizeau interferometer), a 
detector, and a system controller. The tunable coherent light source is configured to 

generate light at any one of multiple wavelengths spanning a range greater than or equal 

■ ■ 

j| to about X. 2 /w7\ where X is an intermediate one of the multiple wavelengths and nT is 

the smallest optical distance between two of the multiple reflective surfaces pf the 
10 measurement object. The interferometer is configured to support the measurement 

object, receive the light from light source, and generate an optical interference image 

i 

including a superposition of multiple interference patterns produced by pairs of 
wavefrond reflected from the multiple surfaces of the measurement object and a 
reference surface. The detector is configured to record the optical interference image 

1 5 generated by the interferometer. The system controller is connected to the light source 

i 

and the detector. During operation it causes the light source to generate light at each of 
^ the multiple wavelengths, causes the detector to record the optical interference image for 
each of the multiple wavelengths of the light source, and implements a phase-shifting 
algorithm to determine phases of a selected one of the interference patterns from the 
20 recorded images. 

Embodiments of the profiling system can include any of the following features. 

The wavelengths can span a range greater than or equal to about 3X 2 /2/?7\ e.g., about 

bTc/lnT . The tunable coherent source can include a laser diode and a driver, which 
during operation adjusts the current to the laser diode to vary wavelength output of the 

25 laser diode. The phase-shifting algorithm implemented by the controller can be more 
sensitive to a wavelength-dependent variation in the recorded images caused by the 
selected interference pattern than to wavelength-dependent variations in the recorded 
images caused by the other interference patterns. The phase-shifting algorithm 
implemented by the controller can be a Fourier-series phase-shifting algorithm. 

30 Embodiments of the invention have many advantages. For example, a selected 

reflective surface of a measurement object can be profiled even though other surfaces 

5 
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produce spurious reflections that complicate the optical interference image. As a result, 
precision optical substrates such as glass flats can be profiled without coating any of .their 
surfaces. Moreover, the profiling measurements can be as fast and robust as in 
measurement involving nq such spurious reflections. In addition to measuring the 
5 topography of a selected surface of the measurement object, the optical profile of the 

. measurement object including refractive index inhomogeneities can also be measured. 

.i • 1 

Other aspects, advantages, and features will be apparent from the following , 
detailed description and from the claims. 

\ . 

■ 

• JO Brief Description of the Drawings 

FIG. 1 is a schematic diagram of one embodiment of the phase-shifting 
interferomefry system. 

FIG. 2 is a plot of the intensity variation at a representative spatial location of the 
CCD camera of FIG. 1 for a series of wavelength-shifted images in the absence of any 
15 spurious reflections. 

FIG. 3 is a plot of the intensity variation at a representative spatial location of the 
CCD camera of FIG. 1 for a series of wavelength-shifted images in the presence of a 
reflectiori from the back surface of the measurement object. 

FIG. 4 is a plot of the sensitivity of the thirteen- frame PSI algorithm to intensity 
20 variations at different phase-shifting frequencies, normalized to a desired fundamental 

* 

frequency. The frequencies are expressed as harmonics of the fundamental frequency. 

FIG. 5 is a plot of the residual error in the phase profile extracted by the thirteen- 
frame algorithm for the intensity values shown in FIG. 3. 

25 Detailed Description 

The invention features methods and systems that separate overlapping 
interference pattern s (i.e., fringe patterns) by PSI, using optical wavelength modulation 
in an unequal path interferometer (e.g., a Fizeau interferometer) to generate the required 
phase shifts. A change in optical wavelength induces a corresponding change in 

30 interference phase that is linearly proportional to the optical path difference (OPD). 

Thus, multiple reflective surfaces of a measurement object will give rise to interference 
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patterns that have different phase shifts for the same change in optical wavelength. The 

» 

methods and systems position the measurement object so that the interference 
modulations produced by reflections from surfaces not of interest are pushed into a 
frequency band that is rejected by the PSI algorithm. Thus, the PSI algorithm 
5 automatically determines the phase profile of the interference pattern of interest. One 

embodiment of the invention is an optical interferometry system .that determines the 

• ' . ■ , . " . • « 

height profile of an object surface in the presence of unwanted or spurious reflections 
from secondary surfaces, as for example may be present with plane-parallel transparent 
objects. 1 

10 A schematic diagram of such a system 10 is shown in FIG. 1 . System 10 is 

adapted to measure the profile of a front surface 44 of a transparent measurement object 
40 in the presence of unwanted reflections from a back surface 46 of object 40. System 
10 includes a Fizeau interferometer 20, a mount 50 for positioning measurement object 
40 relative to interferometer 20, and a controller 60 such as a computer. Interferometer 

1 5 20 includes a tunable light source 22 (e.g., a laser diode), a driver 24 connected to light 
source 22 for adjusting the wavelength of its output, a beam splitter 26, a collim^ting 
optic 28, a reference flat 30, an imaging optic 31, a CCD camera 32, and a frame grabber 
33 for storing images detected by camera 32. Driver 24 adjusts the wavelength X of 
light source 24 by an amount AX about a nominal wavelength of Xq , i.e., X = X$ + AX , 

20 where AX « X . The back surface of reference flat 30 defines a reflective reference 
surface 36 for the interferometer, whereas a front surface 34 of reference flat 30 has an 
antireflection coating and may be additionally or alternatively tilted with respect to back 
surface 36, so that reflections from front surface 34 do not take part in any subsequent 
measurements. 

25 Measurement object 40 includes reflective front and back surfaces 44 and 46, 

respectively, and has a thickness rand a refractive index n. The distance between 
reference surface 36 of and back surface 46 of measurement object 40 is Z. During 
operation, controller 60 causes driver 24 to control the wavelength of light emitted by 
light source 22 and causes frame grabber 33 to store an image of the optical interference 

30 detected by CCD camera 32 for each of the specified wavelengths. Frame grabber 33 
sends the images to controller 60, which analyzes them using a PSI algorithm. In the 

7 
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presently described embodiment, driver 24 linearly modulates the frequency 6f the light 
emitted by light source 22 as the series of interference images are being recorded. 
Alternatively, in other embodiments, the driver can modulate the light frequency in 
discretp steps or according to other functions. 
5 During operation, light source 22 direct^ light at a wavelength A to beam splitter 

■ 

2,6, which then directs the light to collimating lens 28 to collimate the light into a plane 
field. Reference surface 36 reflects a first portion of the light to form a reference 
wavefront 90, and surfaces 44 and 46 of measurement obj ect 40 reflect additional 
portions of the light to form a' measurement wavefront 94 and an undesired wavefront 96, 

10 respectively. Lenses 28 and 31 then image wayefronts 90, 94, and 96 onto CCD camera 
32 where they fotm an optical interference image. 

In the analysis that follows, we first ignore the contribution of undesired 
wavefront 96 to the interference image. In this case, the image includes only a single 
interference pattern formed by the interference of reference wavefront 90 and 

1 5 measurement wavefront 94. The OPD corresponding to this' interference pattern is 2Z, 
which equal? the round trip optical distance between the surfaces that give rise to 
reflected wavefronts 90 and 94. Thus, the intensity profile g(x,y) of the interference 
pattern can be expressed as: 

20 g [0{x,y) t t]= c 0 + c, cosfo(/) - 0(x,y)] (1.). 



25 



where 



^t)=v Q t + C (2.), 



v 0 = d 0 /At (3.), 



a Q = An—irZ (4.), 
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where c 0 and Cj are constants that depend on the reflectivities of the surfaces, £ is a . 

constant phase offset which will be set to zero, v 0 is the fundamental modulation 
frequency, AA is a wavelength shift taking place over a time interval At between 

succesive image frames captured by CCD camera 32, a 0 is the resultant fundamental 

i 

5 . phase shift between frames, and 0{x,y) is the phase profile corresponding to the height 
profile h(x t y) of object surface 44 relative to reference surface 36. To determine 0(x, y) , 
controller 60 analyzes multiple images of g(x,y) corresponding to multiple wavelength 
1 shifts AA with respect to a nominal wavelength A$ . Thus, the intensity values of the 
1 interference patterns at each spatial cbordinate (x, y) vary sinusoidally from image to 
10 image, as shown, for example, in FIG. 2 for a representative spatial coordinate and 
assuming equal wavelength shifts AA from image to image. 

For each spatial coordinate (x,y) controller 60 employs a PSI algorithm to extract 
the phase-offset for the sinusoidally varying intensity values. Together, the phase-offsets 

provide the phase profile 0{x,y) . Assuming that reference surface 36 is perfectly flat, 
1 5 the phase profile 0 (x, y) gives the surface profile h (x, y) of measurement surface 44 
accordinjg to the expression 0(x,y) = 4k h(x,y)/ Aq .' 

The central task of PSI is to estimate the interference phase 0 by inspection of 
the time-dependent periodic signal g(0 9 t). Phase-shifing algorithms ("PSI algorithms") 
for performing this task are known in the art, see, e.g., Daniel Malacara, editor, Optical 
20 Shop Testing (2nd Ed.), Chapter 14, p. 501 (Wiley, New York, 1992). Particularly 
common are Fourier-series PSI algorithms, see, e.g., P. de Groot, "Derivation of 
algorithms for phase-shifting interferometry using the concept of a data-sampling 
window", Applied Optics 34(22), 4723-4730 (1995) Fourier-series PSI algorithms are 
essentially single- frequency Fourier transforms of intensity data, where typically these 
25 data are acquired at uniformly spaced phase shift intervals. 

What follows is a detailed description of the theory and construction of Fourier 
series PSI algorithms. Since the intensity signal g(0,t) is periodic (e.g. sinusoidal), one 

way to determine the phase 0 is to transform the signal g(0, t) into the frequency 
domain: 

9 
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\ 



G(0,v)= f g(0,/)w(r)exp(-i2;rvr>fc . (5.) 

t 

The phase 6 may then be extracted by comparing the imaginary and real parts of the 
5 strongest coefficient G(0, v) in the frequency-domain representation of the interference 
• signal. The window function w(t) is included to reduce problems associated with finite 
observation intervals, and vis modulation frequency. If the intensity signal g{9>i) is 
expected to have a desired fundamental modulation frequency v 0 , as in, e.gi, Eq.(3), 
G\6,v) from Eq.(5) can be expressed as: 



10 



15 



G(9,v) = q\ W{v)+±V[W{v-v o )txp(i0) + W(v + v o )expH0)] \ (6.) 



where W{y) is the Fourier Transform of the window function w(v 0 ) . The window is 
normally, constructed so that 

* 

^(v 0 ) = 0 (7.) 
^(2v 0 ) = 0 (8.) 



20 so that 



6 = tan _1 (R) + const. (9.) 



where 



25 
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R = Im{G(e,v 0 )} 
Re{G(9,v 0 )} 



(10.) 



10 



and the; constant is the complex phase of the transformed' window at v=0. Suitable 
window functions include square windows, triangular windows, and raised cosine (i.e., 

I 

I 

Von Hanning) windows. 

, In practice, PSI usually involves an approximation of discrete sampling based on 
a sequence of several integrated intensity values. In a surface-measuring instrument such 

» 

i * 
as the present embodiment, each intensity sampling j corresponds to a frame of camera 

.data. For the discrete case, there are a series of accumulated phase shifts <pj spaced by 

i ■ ■ 

equal increments a 0 between frames, so that Eq.(2) becomes 



1 I 



(11.) 



15 



where j Q is a starting offset chosen for example to make accumulated phase shifts <f> ■ 

i J 

t 

symmetric ^bout zero. The Fourier Transform of the discretely sampled intensity is 



G{0,v o ) = J^gjWj exp(- if j ) 



(12.) 



20 



where gj is the intensity signal for the 7' h " frame. The phase of the intensity signal is 
then given by Eq.(9) with 



j ■ I j 



(13.) 



25 



where 



ij = lm{w j exp(- if j) 



(14.) 
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Cj = Re{w ; exp(-/^) . (15.), 

• • • 

The calculation is equivalent to a single- frequency Fourier transform, designed to be 

sensitive to a specific fundamental modulation frequency v 0 . 

5 Contributions of undesired wavefront 96 reflected by the back surface of the 

I measurement object' surface 46, however, complicate the optical interference image. 

With the presence of undesired wavefront 96, the optical interference image now includes 
a superpositipn of three interference patterns: 1) the first interference pattern described 
above, formed by reference wavefront 90 and measurement wavefront 94, and 

10 corresponding to anOPD of 2Z ; 2) 'a second interference pattern formed by 

i. 

measurement wavefront 94 and undesired wavefront 96, corresponding to an OPD of 

i 

2nT ; and 3) a third interference pattern formed by reference wavefront 90 and undesired 

wavefront 96, corresponding to an OPD of 2(Z + n T) . Thus, the intensity values of the 
interference patterns at each spatial location (x,y) include multiple sinusoidal 
15 dependencies on the wavelength shifts. , 

The relative frequencies of the multiple sinusoidal dependencies depend on the 

i * 

1 OPD according to , 



20 



v = v 0 OPD/2Z (16.) 



Thus for the second interference pattern, the modulation frequency is 



v = v 0 «7/Z (17.) 



25 and for the third interference pattern 



v = v 0 (z + «r)/Z (18.) 
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10 



15 



For example, if measurement object 40 is positioned according to Z = nT , the first 
interference pattern contributes to the intensity values with a frequency of v 0 and the 
second and third interference patterns contribute to the intensity values at the third 

harmonic 2>v 0 and fourth harmonic 4v 0 of that frequency, respectively. The resulting 

1 i 1 

intensity values for consecutive images at a representative spatial location is shown in 

FIG. 3, where the fundamental phase shift between successive frames is a 0 = x/4 for 
the first (desired) interference pattern. 

As shown in FIG. 3, the intensity values for consecutive images no longer have a 
well-defined sinusoidal variation. However, Fourier-series PSI algorithms can be 

designed to have jninimum sensitivity to unwanted modulation frequencies by chosing 

i 

particular window functions w(v 0 ),and phase shift intervals a 0 between image frames. 
Such PSI algorithms can suppress the contributions of the spurious interference patterns 
(the second and third interference patterns in this case) and determine 'the phase offset 
corresponding to the selected interference pattern. 

One such PSI algorithm is the following thirteen-frame algorithm (hereinafter 
referred to as the "thirteen-frame algorithm"): 



20 



tan (0) = - 3(g0 ~ gn } ~ 4(g| " g" ) + 1 2(g 3 - g 9 ) + 2 l(g 4 - g 8 ) + 1 6(g 5 - g 7 ) 

- 4(g, + g, , ) - 12(g 2 + g 3 + g 9 + g )0 ) + 1 6(g 5 + g 7 ) + 24g 6 



(19.) 



where for each spatial coordinate (x,y), 8 is the phase determined by the PSI algorithm 
and gj is the intensity value of the "j ih " image, and where the wavelength shift AA 
between consecutive images corresponds to a phase shift for the frequency of interest 

* 

substantially equal to a 0 = nfA . In the present example, by inversion of Eq.(4) and 
25 recalling that Z-nT 11, that wavelength shift AA would be 



AA = 3Aj/l6«r 



(20.) 
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I 

and the fundamental frequency v 0 would correspond to the first interference pattern. 
The thirteen-frame is described ii) U.S. Patent No. 5,473,434 to Peter de Groot, the 

« • 

■ 

contents of which is incorporated herein by reference. 

The thirteen-frame algorithm is substantially insensitive to frequencies in the 
5 intensity data at the third and fourth harmonic of the frequency of interest. FIG. 4 
illustrates the sensitivity of the thirteen-frame .algorithm to intensity variations as a , 
functioh of the frequency of the variation. The results are normalized to the sensitivity of 

the desired fundamental frequency and the frequencies are expressed in harmonics of the 

■ 

i 

fundamental frequency v 0 . As shown in FIG. 4, the thirteen-frame algorithm is 

10 Substantially more sensitive to intensity variations at the fundamental frequency than at 
other frequencies, e.g., the third and fourth harmonics 3v 0 and 4v 0 . The results in FIG. 
4 incorporate the effect of integrated data acquisition during each frame. 

Therefore, in the presently described embodiment, measurement object 40 is 
positioned from interferometer 20 according to Z = nT 1 3 \ and controller 60 causes 

15 driver 24 to adjust the wavelength of light source 22 in increments of AA as given in 
Eq.(20) and employs the thirteen-frame algorithm to extract the phase-offset from each 
spatial coordihate of the wavelength-shifted images of the interference pattern. The 
algorithm suppresses the contributions of the second and third interference patterns to the 
interference image in favor of the first interference pattern, whose phase-shifting 

20 frequency is at the peak of the sensiti vity curve of the thirteen-frame algorithm. Thus, 
the phase offset at every spatial coordinate provides, substantially, the phase profile 
0(x 9 y) of the first interference pattern, which, as described above, is indicative of the 
measurement surface 44, the surface of interest. For example, FIG. 5 illustrates the 
residual error in the phase profile extracted by the thirteen-frame algorithm for the 

25 intensity values shown in FIG. 3. The simulation is based on the light wavelength being 
nominally equal to 680 nm, and FIG. 5 expresses the residual error as being less than 2 

* 

nm at its peak value, which less than 1/200 wave. 

Other embodiments can employ PSI algorithms different from the thirteen-frame 
algorithm, provided that the PSI algorithm is relatively insensitive to phase-shifting 
30 frequencies corresponding to unwanted interference patterns in the optical image. For 
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example, the PSI algorithm can be different from a Fourier-series PSI algorithm, and/or 
can be of the "point sample", "integrating bucket" or "sub Nyquist" type, see, e.g., , 
Malacara, ibid.. The frequency sensitivity for any PSI algorithm can be determined by 
numerical simulation, or by analytical calculation. For example, the analytical 

calculation of sensitivity X(y) of a Fourier-series PSI algorithm as a function of 
frequency v follows from Fourier transform theory, and is given ]by 



W=|J l^(v,P)! 2 +|F c (v,p)| : 



(21.) 



10 where 



F s (v) = H s {v) B{v) 



(22,) 



15 



F c (v) = H s {v)B(v) 



(23.) 



(24.) 



^c( v ) = iZ c y ex p(-'V) 
H J 



(25.) 



20 



q = Z s ; sin(- $j ,) = X c j cos Wj ) 



(26.) 



B{v) = sin(va 0 /2)/(vsin(a 0 /2)) 



(27.) 



25 B(v) introduces the effect of integrating over one frame. The sensitivity of the thirteen- 
frame algorithm illustrated in FIG. 4 was determined using this analytical calculation. 
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Other techniques for deterministic construction of appropriate PSI algorithms are 
described, e.g., by Y. Surrel in "Design of algorithms for phase measurements by the use 
of phase stepping," Appl. Opt. 35, 51-60 (1996). 

Once the relative spnsitivity of a given PSI algorithm is determined, the 
measurement object can be positioned so that the OPD corresponding to the interference 
pattern of interest produces a phase-shifting frequency within a sensitivity band of the 
PSI algorithm and the OPDs of the interference patterns to be suppressed produce phase- 
shifting frequencies outside the sensitivity bands of the PSI algorithm, as in the above 
, example. For example, suitable PSI algorithms can include those that are at least ten 
]0 times more sensitive to the phase-shifting frequency of the interference pattern of interest 
than to the frequencies of undesired interference patterns. 

In spme embodiments, the PSI algorithm will be more sensitive to a fundamental 
frequency than to harmonics of that fundamental frequency, such as with the thirteen- 
frame algorithm. In such embodiments, the OPD for the selected interference pattern 1 
15 should.be smaller than that of any other interference pattern. In embodiments similar to 

> 

that of FIG. 1, this condition requires measurement surface 44 be positioned Adjacent 
reference surface 36 to within less than the thickness of measurement object 40, or within 
less than'the smallest separation between any two reflective surfaces in the measurement 
object for measurement objects having multiple layers. For example, when using the 
20 thirteen-frame PSI algorithm and the arrangement of FIG. 1, measurement object 40 can 

■ 

be positioned according to nT 12 > Z > nT 75 . To properly position measurement 
object 40 relative to reference surface 36, system 10 also includes mount 50 configured to 
support measurement object 40 and position it at the distance Z from reference surface 
36. Mount 50 is configured to permit small distances for Z, e.g., 2.5 mm or less for 

25 objects a few mm in thickness. To facilitate such distances, mount 50 typically does not 
protrude substantially beyond the front surface of measurement object 40 during use. In 
some embodiments, the positioning of mount 50 relative to reference surface 36 is under 
computer control by controller 60. Furthermore, mount 50 can include means for 
adjusting the angular orientations (e.g., tip, tilt, and axial positions). 

30 In an alternative embodiment, the object may be placed further away, e.g. 

Z' » nT , and the data may be acquired at a higher frequency. For example, in Fig.4 
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there is shown a second sensitivity peak at 9v 0 which is a suitable frequency for sub- 

Nyquist.data acquisition. The wavelength shift AA would be exactly the same as before, 

* i 

■ 

i.e. as given in Eq.(20), but measurement surface 44 would be placed at a distance 

Z' = 3 hT instead of Z = nT/3 . The unwanted surface reflections are still suppressed. 

5 For this alternative "sub-Nyquisfembodiment, CCD camera 32 can include a shutter to 
reduce integration time for each. frame, to thereby reduce dampening caused by 
integrating over a range of modulation frequencies. For example, it is this dampening 

effect that makes the calclulated sensitivity at 9v 0 smaller than at v 0 in Fig.4. 

Alternatively, the driver can modulate the light wavelength discretely so that each frame 
1 0 is collected for substantially constant light frequency, in which case the shutter is not 

necessary to reduce the dampening. One advantage of such sub-Nyquist embodiments is 
that they permit larger working distances between the reference surface and the surface of 
interest. 

The light source for the phase-shifting interferometry system can be a laser such 

i 

15 as a gas, solid-state, tunable dye or semiconductor laser. Tfie light source can also be a 

i i i i 

white-light source with a tunable narrow-band spectral filter. Furthermore, in some 
embodimentsrthe light source can operate at multiple nominal wavelengths to resolve 
phase cycling ambiguities in the extracted phase profiles. For example, the light source 
could operate adjustably between the multiple lines of a HeNe, Argon or diode laser. 

■ 

20 Also, in some embodiments the light source can be coupled to the interferometer by an 

■ 

optical fiber. The wavelength tuning of the light source can be accomplish internal or 
external to the light source. For example, the cavity length of a laser light source can be 
thermally or by piezo-mechanically modulated, to adjust the wavelength of the laser 
output. Similarly, the injection current to the gain medium of a laser light source can 

25 modulated to adjust the wavelength of the laser output. Alternatively, for example, the 
wavelength output of the light source can be adjusted externally by acousto-optic, 
electro-optic, or opto-mechanical modulation. 

The total range and interval of the wavelength tuning depends on the particular 
PSI algorithm. The thirteen-frame algorithm, for example, collect images at thirteen 

30 wavelengths corresponding to intervals of a 0 = n/A fundamental phase shift at the 
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» 

phase-shifting frequency of the interference pattern of interest Other PSI algorithm can 

■ 

use, for example, intervals of a 0 = tt/2 phase shift. More generally, the total range of 

wavelength tuning typically, although not necessarily, spans at least a 2n of 
accumulated phase shift at the phase-shifting frequency of the interference pattern of 
5 interest. For example, if the siirface of interest is the front surface of the measurement 

» 

object as in FIG.l, Eq.(20) implies that the total tuning range A for the thirteen- frame 

algorithm should be greater than or equal to t^e following limit: 

. , " "" 

A*54/2«r '. (28.) 

10 ' 

Assuming a nominal wavelength of 680 nm and a measurement object refractive index of 
1 .5, an approximate condition is A > 0.7 nm or -450 GHz of optical frequency range 

divided by the object thitkness in mm. Thus, for a measurement object thickness of 5 

• i ■ 
mm, an approximate tuning range of about 90 GHz is suitable. Light sources having such 

15 a suitable tunip'g range can include laser diodes such as a distributed feedback (DFB) 

laser or a coupled cavity device, possibly with direct thermal tuning. Alternatively, the 

light source l qan include external'cavity laser diodes, such as those available 

i 

commercially from New Focus Corporation (Santa Clara, CA) under the brand names 
VORTEX™ or VELOCITY™, which provide tuning ranges of 80 GHz and 6500 GHz, 

20 respectively, at 680 nm. 

Although phase-shifting system in FIG. 1 included a Fizeau interferometer, other 
embodiments can employ an interferometer of a different type such as Twyman Green, 
Mach Zehnder, Michelson„Fabry-Perot, and grazing-incidence or unbalanced Mirau. 
Furthermore, the interferometer can be a large aperture, microscope, or fiber optic sensor 

25 interferometer. 

i 

Also, the measurement object can take on many forms. For example, the 
measurement object can be an optical flat, a photomask, a flat-panel display, or a silicon 
wafer (which would involve infrared illumination). Furthermore, the measurement object 
can be a cemented optic or an air-spaced optical assembly. The measurement object can 
30 also be or include a spherical or aspherical dome, contact lens, meniscus lens, or 

spectacle lens. Typically, the measurement object is transparent or partially transparent 
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at the wavelength of the light source. More generally, the measurement object is any 
structure, e.g., micromachined silicon, for which it is desirable to suppress optical 
information related some surface features while measuring optical information from 
others. The desired optical information can relate to the topography of a selected surface 

5 of the measurement object or to the optical profile including refractive index 
inhomogeneities of all or a selected portion of the measurement object. 

1 . In any of the embodiments described above, the controller can include hardware, 

software, or a combination of both to control the other components of the system and to 
analyze the pHiase-shifted images to extract the desired information about the 
10 measurement object. The analysis steps described above can be implemented in 
computer programs using standard programming techniques. Such programs are 
designed to execute on programmable computers each comprising a processor, a data 
storage system (including memory and/or storage elements), at least one input device, 

i 

i * 

and least one output device, such as a display or printer. The program code is applied to 
1 5 input data (e.g., the phase-shifted images from the CCD camera) to perform the functions 
described herein and generate output information (e.g., the topography of a selected 
surface), which is applied to one or more output devices. Each such computer program 
can be implemented in a high-level procedural or object-oriented programming language, 
or an assembly or machine language. Furthermore, the language can be a compiled or 
20 interpreted language. Each such computer program can be stored on a computer readable 
storage medium (e.g., CD ROM or magnetic diskette) that when read by a computer can 
cause the processor in the computer to perform the analysis described herein. For 
example, MetroPro™ software available from Zygo Corporation (Middlefield, CT) 
implements the thirteen- frame algorithm when operating in the "High Res" phase 

* 

25 processing mode. 

■ 

Other aspects, advantages, and modifications are within the scope of the 
following claims. 

What is claimed is: 

30 
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1. A method for interferomelrically profiling a measurement object having 
multiple reflective surfaces, the method comprising: 

positioning the measurement object within an unequal path length interferometer 
employing a tunable coherent light source; 
5 recording an optical iriterference im^age for each of multiple wavelengths of the . 

i ■ 

light source, each image comprising a superposition of multipleinterference patterns 
produced by pairs of wavefronts reflected frojn the multiple surfaces of the measurement 
object and a reference surface; and 

extracting phases of a selected one of the interference patterns from the recorded 

• ■ 

1 0 ( images by using a phase-shifting algorithm that.is more sensitive to a wavelength- 

dependent variation in the Recorded images caused by the selected interference pattern 
than to wavelength-dependent variations in the recorded images caused by the other 
interference patterns. , , 

1 5 2. The method of claim 1 , wherein the phase- shifting algorithm is at least ten- 

' i 

i 

times more sensitive to a wavelength-dependent variation in the recorded images caused 
by the selected interference pattern than to wavelength-dependent variations in the 
recorded images caused by the other interference patterns. 

* 

20 3. The method of claim 1, wherein the unequal path length interferometer is a 

* • 

■ * i 

Fizeau interferometer. 

■ ■ 

4. The method of claim 1, wherein the phase-shifting algorithm includes a phase 
calculation equal to an arctangent of a ratio, the numerator and denominator of the ratio 

25 being weighted sums of intensity values of the recorded images at each spatial 
coordinate. 

« 

5. The method of claim 1, wherein the multiple wavelengths are spaced from one 
another to impart an absolute phase-shift of less than 2n between the selected 

30 interference patterns in consecutive images. 
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i 

6. The method of claim 1, wherein the multiple wavelengths are spaced from one 

♦ 

another to impart an absolute phase-shift of greater than 2n between the selected 
interference patterns in consecutive images. 

i 

I 

5 7. The method of claim 1, wherein the multiple wavelengths are spaced from one 

another to impart substantially equal phase-shifts between the selected interference 

1 . patterns in consecutive images. 

■ 

* 

8. The method of claim 1, wherein the phase-shifting algorithm is a Fourier- 
10 series phase-shifting algorithm. 

■ '■ 

9. A method for interferometrically profiling a measurement object having 

i 

multiple reflective surfaces; the method comprising: 

1 i 
positioning the measurement object within an unequal path length interferometer 

1 5 employing a tunable coherent light source; 

recording an optical interference image for each of multiple wavelengths of the 

light source, each image comprising a superposition of multiple interference patterns 

i * 

produced by pairs of wavefronts reflected from the multiple surfaces of the measurement 
object and a reference surface; 
20 extracting phases of a selected one of the interference patterns from the recorded 

images by using a Fourier-series phase-shifting algorithm. 



10. The method of claim 9, wherein the Fourier-series phase-shifting algorithm 
includes a phase calculation equal to an arctangent of a ratio, the numerator and 
25 denominator of the ratio being weighted sums of intensity values of the recorded optical 
interference patterns at each spatial coordinate. 



11. The method of claim 10, wherein the phase calculation corresponds to: 



30 tan(6) = 



3(gp Zll2lz 4 (gi Z il 1 ) + 12 <g3 - gj) + 21 (g4 - gg) ± 1 6 (Ss - Si ) 
- 4(gi + g\ l ) " 12(g 2 + 83 + £9 + S\o) + 1 6 (£5 + Si ) + 24g 6 
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where for each spatial coordinate, 0 is the phase extracted by the algorithm and gj is the. 
intensity value of the "f" image, and where the wavelength shift AX between consecutive 
patterns corresponds to a phase shift substantially equal to n/4 for the selected 
interference pattern. 



12. A system for profiling a measurement object having multiple reflective 
surfaces comprising: 

a tunable coherent light source configured to generate light at any one of multiple 
,10 wavelengths; , 

an unequal path length interferometer comprisirig a mount configured to position 
a selected one of the reflective surfaces of the measurement object at a non-zero distance 

■ 

Z from die zero optical path difference (QPD) position of the interferometer, wherein Z 

less than about nT/2, nT being the smallest optical distance between two of the multiple 
1 5 reflective surfaces of the measurement object, and wherein the interferometer is 

configured to receive the light from light source and generate an optical interference 
^ image comprising a superposition of multiple interference patterns produced by pairs of 

wavefronts reflected from the multiple surfaces of the measurement object and a 

reference surface; 

20 a detector configured to record the optical interference image generated by the 

■ 

interferometer; and 

a system controller connected to the light source and the detector and which 
during operation causes the light source to generate light at each of the multiple 
wavelengths, causes the detector to record the image for each of the multiple wavelengths 
25 of the light source, and implements a phase- shifting algorithm to determine phases of a 
selected one of the interference patterns from the recorded images. 



13. The system of claim 12, wherein Z is equal to about nT/3 . 



30 



14. The system of claim 12, wherein Z satisfies nT/2 >Z> nTjh 
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15. The system of claim 12, wherein the unequal path length interferometer is a 
Fizeau interferometer. 



, 16. The system of claim 12, wherein the phase-Shifting algorithm implemented 
by the controller is more sensitive to a wayelepgth-dependent variation in the recorded 
images caused by the selected interference pattern than to wavelength-dependent 
variations in the recorded images caused by the other interference patterns. 



10 



* 

17. The system of clkim 12, wherein the phase-shifting algorithm implemented 
by the controller is a Fourier-series phase-shifting algorithm. 
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18. A system for profiling a measurement object having multiple reflective 
surfaces comprising: 

a tunable coherent light source configured to generate light at any one of multiple 
wavelengths spanning a range greater than or equal to about tf/nT where X is an 
intermediate one of the multiple wavelengths and nT is the smallest optical distance 

between two of the multiple reflective surfaces of the measurement object; 

iii 

an unequal path length interferometer configured to support the measurement 
object, receive the light from light source, and generate an optical interference image 
comprising a superposition of multiple interference patterns produced by pairs of 
wavefronts reflected from the multiple surfaces of the measurement object and a 
reference surface; 

a detector configured to record the optical interference image generated by the 
interferometer; and 

a system controller connected to the light source and the detector and which 
during operation causes the light source to generate light at each of the multiple 
wavelengths, causes the detector to record the optical interference image for each of the 
multiple wavelengths of the light source, and implements a phase-shifting algorithm to 
determine phases of a selected one of the interference patterns from the recorded images. 
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19. The system of claim 18, wherein the wavelengths span a range greater than or 

equal to, about 37?/2nT. 

> < 

20. The system of claim 18, wherein the wavelengths span a range equal to about 
5 5X 2 /2nT. . ' ' ' 

■ 

21 . The system of claim lS, wherein the unequal path length interferometer is a 
Fizeau interferometer. 

» 

* 

10 22. The system of claim 1 8, wherein the' tunable coherent source comprises a 

i ■ 

laser diode and a driver which during operation adjusts the current to the laser diode to 

» 

vary wavelength output of the laser diode. 



23. The system of claim 18, wherein the phase-shifting algorithm implemented 
15 by the controller is more sensitive to a wavelength-dependent variation in the recorded 

images caused by the selected interference pattern than to wavelength-dependent 
variations in the recorded images caused by the other interference patterns. 

24. The system of claim 18, wherein the phase-shifting algorithm implemented 
20 by the controller is a Fourier-series phase-shifting algorithm. 
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METHOD AND SYSTEM FOR PROFILING OBJECTS 
Background of the Invention 

The invention relates' to a wavelength-tuning, phase-shifting interferometry. 

Interferoxnetric optical techniques are widely used to measure optical thickness, 
flatness, and other geometric and refractive index properties of pf ecision optical 
components such as glass substrates used in lithographic photomasks. 

For example, to measure the surface profile of a measurement surface, one can 
use an interferometer to combine a measurement wavefront reflected from the 
measurement surface with a reference wavefront reflected from a reference surface to 
form an optical interference pattern. Spatial variations in the intensity profile of the 
optical interference pattern correspond to phase differences between the combined 
measurement and reference wavefronts caused by variations in the profile of the 
measurement surface relative to the reference surface. Phase-shifting interferometry 

(PSI) can be used to accurately determine the phase differences and the corresponding 

i 

profile of the measurement surface. 

With PSI, the optical interference pattern is recorded for each of multiple phase- 
shifts between the reference and measurement wavefronts to produce a series of optical 
interference patterns that span a full cycle of optical interference (e.g., from constructive, 
to destructive, and back to constructive interference). The optical interference patterns 
define a series of intensity values for each spatial location of the pattern, wherein each 
seri es of intensity values has a sinusoidal dependence on the phase-shifts with a phase- 
offset equal to the phase difference between the combined measurement and reference 
wavefronts for that spatial location. Using numerical techniques known in the art, the 
phase-offset for each spatial location is extracted from the sinusoidal dependence of the 
intensity values to provide a profile of the measurement surface relative the reference 
surface. Such numerical techniques are generally referred to as phase-shifting 
algorithms. 

The phase-shifts in PSI can be produced by changing the optical path length from 
the measurement surface to the interferometer relative to the optical path length from the 
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* 

reference surface to the interferometer. For example, the- reference surface can be moved 
relative to the measurement surface. Alternatively, the phase-shifts can be introduced for 
a constant, non-zero optical path difference by changing the wavelength of the 
measurement and reference wavefronts. The latter application is known as wavelength 

5 tuning PSl and is described, e.g., in U.S. Patent No. 4,594,003 to G.E, Sommargren. 

i 

• Unfortunately, PSI measurements can be 'complicated by spurious reflections 
i frotii other surfaces of the measurement object because they too contribute to the optical 
interference. In such cases, .the net optical interference image is a superposition of 
multiple interference pattern s produced by pairs of wavefrpnts reflected, from the 
1 0 multiple surfaces of the measurement object and the reference surface. 

i • 

Summary of the Invention 
The invention features a method for extracting selected interference data from 

overlapping optical interference patterns arising 'from spurious reflections. The method 

■ « 

1 5 takes advantage of the fact that for each interference pattern, a change in optical 

wavelength induces a phase-shift that is substantially linearly proportional to the optical 
path difference (OPD) corresponding to the two wavefronts giving rise to the interference 
pattern., In other words, the intensity profile of each interference pattern has a sinusoidal 
dependence oh wavelength, and that sinusoidal dependence has a phase-shifting 

20 frequency proportional to the OPD for that interference pattern. To extract the phase- 
information of the interference pattern of interest, the method employs a phase-shifting 
. algorithm that is more sensitive to the phase-shifting frequency of the selected 
interference pattern than to those of the other interference patterns in the image. 

In general, in one aspect, the invention features a method for interferometrically 

25 profiling a measurement object having multiple reflective surfaces. The method includes: 
positioning the measurement object within an unequal path length interferometer (e.g., a 
Fizeau interferometer) employing a tunable coherent light source; recording an optical 

* 

interference image for each of multiple wavelengths of the light source, each image 

■ 

including a superposition of multiple interference patterns produced by pairs of 
30 wavefronts reflected from the multiple surfaces of the measurement object and a 

reference surface; and extracting phases of a selected one of the interference patterns 
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from the recorded images by using a phase-shifting algorithm that is more sensitive (e.g., 
at least ten times more sensitive) to a wavelength-dependent variation in the recorded 

t 

images caused by the selected interference pattern than to wavelength-dependent 

variations in the recorded images caused by the other interference patterns. 

♦ 

5 Embodiments of the profiling method can include any of the following features. 

The phase-shifting algorithm can include a phase calculation equal to an arctangent of a 
ratio, the numerator and denominator of the ratio being weighted sums of intensity, values 

■ 

of the recorded images at each spatial coordinate. More specifically, the phase-shifting 
algorithm can be a Fourier-serips phase-shifting algorithm. The multiple wavelengths can 
10 be spaced from one another to impart substantially equal phase-shifts between the 

m 

selected interference patterns in consecutive images. Furthermore, the multiple 
wavelengths can be spaced torn one another to impart an absolute phase-shift of less 
than 27i between the selected interference patterns in consecutive images. Alternatively, 

r 

the multiple wavelengths can be spaced from one another to impart an absolute phase- 
1 5 shift of greater than 2n between the selected interference patterns in consecutive images 
(i.e., sub-Nyquist sampling). 

• , In general, in another aspect, the invention features a method for 
interferometri6ally profiling a measurement object having multiple reflective surfaces. 

■ 

The method includes: positioning the measurement object within an unequal path length 
20 interferometer employing a tunable coherent light source; recording an optical 

interference image for each of multiple wavelengths of the light source, each image 
' including a superposition of multiple interference patterns produced by pairs of 

i 

wavefronts reflected from the multiple surfaces of the measurement object and a 
reference surface; and extracting phases of a selected one of the interference patterns 
25 from the recorded images by using a Fourier-series phase-shifting algorithm. 

• The Fourier-series phase-shifting algorithm can include a phase calculation equal 
to an arctangent of a ratio, the numerator and denominator of the ratio being weighted 
sums of intensity values of the recorded optical interference patterns at each spatial 
coordinate. For example, the phase calculation can corresponds to: 

30 
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tan ( 0 \ = ~3(gQ ~gi 2 )- 4 (gl -gll) + 12(g 3 -g9) + 21 (g4 -g8) + 1 6(g 5 'Si) 

~ 4(gi + gi 1) - 12(g 2 + g3 + g9 + Sio) + 16(g 5 + g 7 ) + 24g 6 

t 

where for each spatial coordinate, 0 is the phase extracted by the algorithm and gj is the 
intensity value of the 7*" itnage, and where the wavelength shift AX between consecutive 

* 

5 patterns corresponds to a phase shift substantially equal to n/4 for the selected 
\ interference, pattern. ■ 

In general, in a further aspect, the invention features a system for profiling a ' 

• * 

* 

^ measurement pbject having multiple reflective surfaces including a tunable coherent light 
source, an unequal length interferometer (e.g., a Fizeau interferometer), a detector, and a 

1(1) system controller. The light source is ' configured to generate light at any one of multiple 
wavelengths. The interferometer includes a mount configured to position a selected one 

of the reflective surfaces of the measurement object at a non-zero distance Z from the 

i 

zero optical path difference (OPD) position of the interferometer. The distance Z is less 
than about nT/2 , nT being the smallest optical distance between two of the multiple 

* 

1 5 reflective surfaces of the measurement object. The interferometer is also configured to 
receive the light from- light source and generate an optical interference image including a 
superposition of multiple interference patterns produced by pairs of wavefronts reflected 
from the multiple surfaces of the measurement object and a reference surface. The 
detector is configured to record the optical interference image generated by the 

20 interferometer. The system controller is connected to the light source and the detector. 
During operation it causes the light source to generate light at each of the multiple 
wavelengths, causes the detector to record the image for each of the multiple wavelengths 
of the light source, and implements a phase-shifting algorithm to determine phases of a 

> 

selected one of the interference patterns from the recorded images. 
25 Embodiments of the profiling system can have any of the following features. The 

distance Z can satisfy the expression nT/2 >Z> nT/5 , for example Z can be equal to 
about nT/3 . The phase-shifting algorithm implemented by the controller can be more 
sensitive to a wavelength-dependent variation in the recorded images caused by the 
selected interference pattern than to wavelength-dependent variations in the recorded 
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images caused by the other interference patterns. The phase-shifting algorithm 
implemented by the controller can be a Fourier-series phase-shifting algorithm. 

In general, in a further aspect, the invention features a system for profiling a 
measurement object having multiple reflective surfaces including: including a tunable 
5 coherent' light source, an unequal length interferometer (e.g., a Fizeau interferometer), a 
detector, and a system controller. The tunable cdherent' light source is configured to 

i gerierate light at any one of multiple wavelengths spanning a range greater than or equal 
to about tf/iiT /where X is' an intermediate one of the multiple wavelengths and nT is 
the smallest optical distance between two of the multiple reflective surfaces of the 

10 measurement object; The interferometer is configured to support the measurement 
object, receive the Jight from light source, and generate an optical interference image 
including a superposition of rpultiple interference patterns produced by pairs of 

wavefronts reflected from the multiple surfaces of the measurement object and a 

1 • • ' . 

reference surface. The detector is configured to record the optical interference image 

1 5 generated by the interferometer. The system controller is connected to the light source 

and the detector During operation it causes the light source to generate light at each of 

the multiple wavelengths, causes the detector to record the optical interference image for 

each of the multiple wavelengths of the light source, and implements a phase-shifting 

algorithm to determine phases of a selected one of the interference patterns from the 

20 recorded images. 

Embodiments of the profiling system can include any of the following features. 

The wavelengths can span a range greater than or equal to about 3A, 2 /2«7\ e.g., about 

57?/2nT. The tunable coherent source can include a laser diode and a driver, which 
during operation adjusts the current to the laser diode to vary wavelength output of the 

25 laser diode. The phase-shifting algorithm implemented by the controller can be more 
sensitive to a wavelength-dependent variation in the recorded images caused by the 
selected interference pattern than to wavelength-dependent variations in the recorded 
images caused by the other interference patterns. The phase-shifting algorithm 
implemented by the controller can be a Fourier-series phase-shifting algorithm. 

30 Embodiments of the invention have many advantages. For example, a selected 

reflective surface of a measurement object can be profiled even though other surfaces 
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produce spurious reflections that complicate the optical interference image. ■ As a result, 
precision optical substrates such as glass flats can be profiled without coating any of their 
surfaces. Moreover, the profiling measurements can be as fast and robust as in ' 
measurement involving no such spurious reflections. In addition to measuring the 
5 topography of a selected surface of the measurement object, the optical profile of the 

■ 

measurement object including refractive index inhomogeneities carl also be measured. 

< 

1 Other aspects,' advantages, and features will be apparent from the following 

detailed description and from the claims. 

\ . 

10 Brief Description of the Drawings 

FIG. 1 is a schematic diagram of one embodiment of the phase-shifting 

'i . 

interferometry system. 

FIG. 2 is a plot of the intensity variation at a representative spatial location of the 

i 

CCD camera of FIG. 1 for a series of wavelength-shifted images irt the absence of any 
15 spurious reflections. 

FIG. 3 is a plot of the intensity variation at a representative spatial location of the 
CCD camera of FIG. 1 for a series of wavelength-shifted images in the presence of a 
{ reflection ,from the back surface of the measurement obj ect. 

FIG. 4 is a plot of the sensitivity of the thirteen-frame PSI algorithm to intensity 
20 variations at different phase-shifting frequencies, normalized to a desired fundamental 
frequency. The frequencies are expressed as harmonics of the fundamental frequency. 

FIG. 5 is a plot of the residual error in the phase profile extracted by the thirteen- 
frame algorithm for the intensity values shown in FIG. 3 . 

25 Detailed Description 

The invention features methods and systems that separate overlapping 
interference pattern s (i.e., fringe patterns) by PSI, using optical wavelength modulation 
in an unequal path interferometer (e.g., a Fizeau interferometer) to generate the required 
phase shifts. A change in optical wavelength induces a corresponding change in 

30 interference phase that is linearly proportional to the optical path difference (OPD). 

Thus, multiple reflective surfaces of a measurement object will give rise to interference 
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patterns that have different phase shifts for the same change in optical wavelength. The 
methods and systems position the measurement object so that the interference ■ 
modulations produced by reflections from surfaces not of interest are pushed into a 
frequency band that is rejected by the PSI algorithm. Thus, the PSI algorithm 
5 automatically determines the phase profile of the interference pattern of interest. One 

* • 

embodiment of the invention is an optical interferometry system that determines the 
i height profile of an object surface in the presence of unwanted of spurious reflections 

• • 

from secondary surfaces, as for example may be present with plane-parallel transparent 
^ objects. . 

10 A schematic diagram of such a system 10 is shown in FIG. 1 . System 10 is 

adapted to measure the profile of a frpnt surface 44 of a transparent measurement object 
40 in the presence of unwanted reflections from a back surface 46 of object 40. System 

4 

« 

10 includes a Fizeau interferometer 20, a mount 50 for positioning measurement object 
40 relative to interferometer 20, and a controller 60 such as a computer. Interferometer 

i r 

15 20 includes a tunable light source 22 (e.g., a laser diode), a driver 24 connected to light 
source 22 for adjusting the wavelength of its output, a beam splitter 26, a collipiating 
optic 28, a reference flat 30, an imaging optic 31, a CCD camera 32, and a frame grabber 
* 33 for storing images detected by camera 32. Driver 24 adjusts the wavelength X of 

* 

light source 24 by an amount AX about a nominal wavelength of Xq , i.e., X = Xq + AX , 

20 where AX«X. The back surface of reference flat 30 defines a reflective reference 
surface 36 for the interferometer, whereas a front surface 34 of reference flat 30 has an 
antireflection coating and may be additionally or alternatively tilted with respect to back 
surface 36, so that reflections from front surface 34 do not take part in any subsequent 
measurements. 

25 Measurement object 40 includes reflective front and back surfaces 44 and 46, 

respectively, and has a thickness T and a refractive index n. The distance between 
reference surface 36 of and back surface 46 of measurement object 40 is Z. During 
operation, controller 60 causes driver 24 to control the wavelength of light emitted by 
light source 22 and causes frame grabber 33 to store an image of the optical interference 

30 detected by CCD camera 32 for each of the specified wavelengths. Frame grabber 33 
sends the images to controller 60, which analyzes them using a PSI algorithm. In the 
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presently described embodiment, driver 24 linearly modulates the frequency of the light 

r 

I 

emitted by light source 22 as the series of interference images are being recorded. 
Alternatively, in other embodiments, the driver can modulate the light frequency in 
discrete steps or according to other functions. 

5 During operation, light source 22 directs light at a wavelength X to beam splitter 

26, which then directs the ligtit to collimating lehs 28 to collimate the light into a plane 
» field. Reference surface 36 reflects a first portion of the light to form a reference ' 
wavefront 90, and surfaces 44 and 46 of measurement object 40 reflect additional 
portions of the light to form a measurement wavefront 94 and an undesired wavefroiit 96, 
10 respectively. Lenses 28 and 31 then image wavefronts 90, 94, and 96 onto CCD camera 
32 where they form an optical interference image. 

In the analysis that follows, we first ignore the contribution of undesired 
wavefront 96 to the interference image. In this case, the image includes only a single 

« ■ 

interference pattern formed by the interference bf reference wavefront 90 and 

• « 

15 measurement wavefront 94. The OPD corresponding to this interference pattern is 2Z, 
which equals the round trip optical distance between the surfaces that give rise to 
reflected wavefronts 90 and 94. Thus, the intensity profile g(x,y) of the interference 
pattern can be (expressed as: 

20 g [9{x, y \t\ = c 0 + c, cosk>(/) - 9(x, y)] (1 .), 



where 



25 



> ■ 



tfKO^o t+ c . (2.), 



v 0 = a 0 /At (3.), 



a^=*7t—Z (4.), 
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where c 0 and c± are constants that depend on the reflectivities of the surfaces, ^ is a 

constant phase offset which will be set to zero, v$ is the fundamental modulation 
frequency, A/l is a wavelength shift taking place over a time interval At between 

■ 

succesive image frames captured by CCD camera 32, a 0 is the resultant fundamental 
5 phase shift between frames, ancl 0(x, y) is the phase profile corresponding to the height 

i profile h(x,y) of object surface 44 relative to reference surface 36, To determine &(x 9 y) , 
controller 60 analyzes multiple images of g(x f $) corresponding to multiple wavelength 
shifts A/l with respect to a nominal wavelength /Iq . Thus,- the intensity values of the 

interference patterns at each spatial coordinate (x, y) vary sinusoidally from image to 
10 image, as shown, fpr example, in FIG. 2 for a representative spatial coordinate and 
assuming equal wavelength shifts A/l from image to image. 

For each spatial coordinate (x,y) controller 60 employs a PSI algorithm to extract 
the phase-offset, for the sinusoidally varying intensity values. Together, the phase-offsets 

provide the phase profile 9{x,y) . Assuming that reference surface 36 is perfectly flat, 
15 the phase profile 0 {x 9 y) gives the surface profile h(x 9 y) of measurement surface 44 
according to tlje expression &(x,y)= 47rh(x,y)/ . 

> 

The central task of PSI is to estimate the interference phase 9 by inspection of 
the time-dependent periodic signal g{0,i) . Phase-shifing algorithms ("PSI algorithms") 
for performing this task are known in the art, see, e.g., Daniel Malacara, editor, Optical 

20 ' Shop Testing (2nd Ed.), Chapter 14, p. 501 (Wiley, New York, 1992). Particularly 
common are Fourier-series PSI algorithms, see, e.g., P. de Groot, "Derivation of 
algorithms for phase-shifting interferometry using the concept of a data-sampling 
window", Applied Optics 34(22), 4723-4730 (1995) Fourier-series PSI algorithms are 
essentially single-frequency Fourier transforms of intensity data, where typically these 

25 data are acquired at uniformly spaced phase shift intervals. 

■ 

What follows is a detailed description of the theory and construction of Fourier 
series PSI algorithms. Since the intensity signal g(0,t) is periodic (e.g. sinusoidal), one 

way to determine the phase 0 is to transform the signal g{0,i) into the frequency 
domain: 
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10 



\ 

15 



G{9,v)= r g(0,t)w(t)exp(-i27vvt)dt . (5.) 

i 

The phase 6 may then be extracted by comparing the imaginary and real parts of the 
strongest coefficient G(&, v) in the frequency-domain representatibn of the interference 

« 

signal. The 'window function vi>(/) is included to reduce problems associated with finite 
observation intervals, and vis modulation frequency. If the intensity signal g(& 9 t) is 

expected to have a desired fundamental modulation frequency v 0 , as in, e.g., Eq.(3), 

♦ 

G(0,v) fromEq.(5) can be expressed as: 



W(v) + } V[fr(v - v 0 ) exp(/0) + W(y + v 0 ) exp(-z*0)] 



(6.) 



where W{y) is the Fourier Transform of the window function w{v 0 ) . The window is 
normally constructed so that 

1 i • 

i 

W(v 0 )=0 (7.) 
W(2v 0 ) = 0 (8.) 



20 so that 



0 = tan 1 {R)+ const. (9.) 



where 



25 
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Im{G(8,v 0 )} 
Re{G(e,v 0 )} 



(10.) 



\ 



10 



* 

and the constant is the complex phase of the transformed window at v= 0. Suitable 
window functions include square windows, triangular windows, and raised cosine (i.e., 
Von Hanning) windows. 

« 

In practice, PSI usually involves an approximation of discrete sampling based on 
a sequence of several integrated intensity values. In a surface-measuring instrument such 

as the present embodiment, each intensity sampling j corresponds to a frame of camera 

< 

data. For the discrete case, there are a series of accumulated phase shifts $\ spaced by 
equal increments a 0 between frames', so that Eq.(2) becdmes 



<P/=(j-Jo) a o 



(11.) 



15 



where j 0 is a starting offset chosen for example to make accumulated phase shifts <j>j 
symmetric about zero'. The Fourier Transform of the .discretely sampled intensity is 



G{0, v 0 ) = Y.8j w j ex p( _ *tj ) 
J 



(12.) 



where g ,■ is the intensity signal for the 'I/ 01 " frame. The phase of the intensity signal is 
20 then given by Eq.(9) with 



J I J 



(13.) 



25 



where 



r , = Im{wy exp(- ifj) 



(14.) 
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Cj = Re{w y - exp(- i<f>j ) • (15.) 

. ■ 

The calculation is equivalent to a 1 single-frequency Fourier transform, designed to be 
sensitive to a specific fundamental modulation frequency , v 0 . 
5 Contributions of undesired wavefront 96 reflected by the back surface of the 

■ * 

measurement object surface 46, however, complicate the optical interference image. 
With the presence of undesired wavefront 96, the optical interference image now includes 
a superposition of three interference patterns: 1) the first interference pattern described 
above, formed by reference wavefront 90 and measurement wavefront 94, and 

i 

• < 

1 0 corresponding to an OPD of 2Z ; 2) a second interference pattern formed by 

i i 

measurement wavefront 94 and undesired wavefront 96, corresponding to an OPD of 
2nT ; and 3) a third interference pattern formed by reference wavefront 90 and undesired 

wavefront 96, corresponding to an OPD of 2(Z + nl) . Thus, the intensity values of the 
interference patterns at each spatial location (x,y) include multiple simisoidal 
1 5 dependencies on the wavelength shifts. 

The relative frequencies of the multiple sinusoidal dependencies depend 6n the 

■ 

OPD according to 



20 



v = v 0 OPD/2Z (16.) 



Thus for the second interference pattern, the modulation frequency is 



v = v Q nT/Z (17.) 



25 and for the third interference pattern 



v = v 0 (Z+nT)/Z (18.) 
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For example, if measurement object 40 is positioned according to Z = n77 3 , the first 
interference pattern contributes to the intensity values with a frequency of V 0 and the ' 
second and third interference patterns contribute to the intensity values at the third 
harmonic 3v ft and fourth harmonic 4v 0 of that frequency, respectively. The resulting 
intensity values for consecutive images at a representative spatial location is shown in 
. FIG. 3, where the fundamental phase shift between successive frames is a 0 =7t/4 for 

the first (desired) interference pattern. 

As shown in FIG. 3, the intensity values for consecutive images no longer have a 
well-defined sinusoidal variation. However, Fourier-series PSI algorithms can be 
10 designed to have minimum sensitivity to unwanted modulation frequencies by chosing 

particular window functions w\K 0 ) and phase shift intervals a 0 between image frames. 
Such PSI algorithms can suppress the contributions of the spurious interference patterns 
(the second and third interference patterns in this case) and determine the phase offset 
corresponding to the selected interference pattern. 

1 5 One such PSI algorithm is the following thirteen-frame algorithm (hereinafter 

■ 

referred to as the "thirteen-frame algorithm"): 



\ 



20 



t /0x = -3(go-g 12 )-4(g 1 -g n ) + 12(g 3 -g 9 ) + 21(g 4 -g 8 ) + 16(g 5 -g 7 ) 

- 4(gj + £, , ) - 12(g 2 + g 3 + g 9 + g I0 ) + 1 6(g 5 + g 7 ) + 24g 6 



(19.) 



where for each spatial coordinate (x t y), 0 is ^ phase determined by the PSI algorithm 
and gj is the intensity value of the "f h " image, and where the wavelength shift AA 
between consecutive images corresponds to a phase shift for the frequency of interest 

substantially equal to a 0 = ft/ 4 . In the present example, by inversion of Eq.(4) and 
25 recalling that Z = nT/3 9 that wavelength shift A/l would be 

* 

AA = 34/l6/jJ (20.) 
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4 

I 

and the fundamental frequency Vq would correspond to the first interference pattern. 

The thirteen-frame is described in U.S. Patent No. 5,473,434 to Petef de Groot, the 
contents of which is incorporatedherein by reference. 

The thirteen-frame algorithm is substantially insensitive to frequencies in the 

5 intensity data at the third and fpurth harmonic of the frequency of interest. FIG. 4 

i • 

illustrates the sensitivity of thfe thirteen-frame algorithm to intensity variations as a 
function of the frequency of the variation. The results are normalized to the sensitivity of 
the desired fundamental frequency and the frequencies are expressed in harmonics of the 

fundamental frequency v 0 . ' Ai shown in FIG. 4, the thirteen-frame algorithm is 
10 substantially more sensitive to intensity variations at the fundamental frequency than at 
other frequencies, e.g., the third and fourth harmonics 3v 0 and 4v 0 . The results in FIG. 
4 incorporate the effect of integrated data acquisition during each frame. 

Therefore, in the presently described embodiment, measurement object 40 is 
positioned from interferometer 20 according to Z = nT/3 , and controller 60 causes 
1 5 driver 24 to adjust the wavelength of light source 22 in increments of AZ as given in 
Eq.(20) and employs the thirteen-frame algorithm to extract the phase-offset from each 
spatial coordinate, of the wavelength-shifted images of the interference pattern. The 
algorithm suppresses the contributions of the second and third interference patterns to the 
interference image in favor of the first interference pattern, whose phase- shifting 
20 frequency is at the peak of the sensitivity curve of the thirteen-frame algorithm. Thus, 
, the phase offset at every spatial coordinate provides, substantially, the phase profile 

<!>{x 9 y) of the first interference pattern, which, as described above, is indicative of the 
measurement surface 44, the surface of interest. For example, FIG. 5 illustrates the 
residual error in the phase profile extracted by the thirteen-frame algorithm for the 
25 intensity values shown in FIG. 3. The simulation is based on the light wavelength being 
nominally equal to 680 nm, and FIG. 5 expresses the residual error as being less than 2 
nm at its peak value, which less than 1/200 wave. 

■ 

Other embodiments can employ PSI algorithms different from the thirteen-frame 
algorithm, provided that the PSI algorithm is relatively insensitive to phase-shifting 
30 frequencies corresponding to unwanted interference patterns in the optical image. For 
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i 

example, the PSI algorithm can be different from a Fourier-series PSI algorithm, and/or 
can be of the "point sample", "integrating bucket" or "sub Nyquist" .type, see, e.g., 
Malacara, ibid.. The frequency sensitivity for any PSI algorithm can be determined by 

■ 

numerical simulation, or by analytical calculation. For example, the analytical 
calculation of sensitivity X(v)of a Fourier-series PSI algorithm as a function of 
frequency v follows from Fourier transform theory, and is given by 



15 



^(v) = yi^(v,P)| 2 +|^c(v,P)| 2 (2D 



10 where 



F s (y) = H s {v)B(v) ■ ' (22.) 



^ c ( v )=jE c / ex p(-^ v ) < 25 -) 



20 g = 2 'j sin (" *y ) = S c i cos ( ( l > ; ) ( 26 -) 



B(v) = sin(va 0 /2)/(vsin(a 0 /2)) (27.) 



25 B(y) introduces the effect of integrating over one frame. The sensitivity of the thirteen- 
frame algorithm illustrated in FIG. 4 was determined using this analytical calculation. 

15 



BNSDOCtD: <WO 01 04 569 A 1 IA> 



WO 01/004569 PCT/US00/18761 

Other techniques for deterministic construction of appropriate PSI algorithms are 

•i 

described, e.g., by Y. Surrel in "Design of algorithms for phase measurements by the use* 
of phase stepping," Appl. Opt. 35, 51-60 (1996). 

Once the relative sensitivity of a given PSI algorithm is determined, the 
5 measurement object can be positioned so that the OPD corresponding to the interference 

4 

pattern of interest produces a phase-shifting frequency within a sensitivity band of the 

t 

i PSI algorithm and th6 OPDs of the interference patterns to be suppressed produce phase- 
shifting frequencies outside the sensitivity bands of the PSI algorithm, as in the above 

* 

example. For .example, suitable PSI algorithms can include those that are at least ten 
1 0 times more sensitive to the phase-shifting frequency of the interference pattern of interest 

than to the frequencies of undesired interference patterns. 

'( 

In some embodiments, the PSI algorithm will be more sensitive to a fundamental 

frequency than to harmonics of that fundamental frequency, such as with the thirteen- 

i 

frame algorithm. In such embodiments, the OPD for the selected interference pattern 
1 5 should be smaller than that of any other interference pattern. In embodiments similar to 
that of FIG. 1, this condition requires measurement surface 44 be positioned adjacent 

reference surface 36 to within less than the thickness of measurement object . 40, or within 

i 

less than the smallest separation between any two reflective surfaces in the measurement 

i 

object for measurement objects having multiple layers. For example, when using the 
20 thirteen-frame PSI algorithm and the arrangement of FIG. 1 , measurement object 40 can 
be positioned according to nT 12 > Z £ nT 1 5 . To properly position measurement 
object 40 relative to reference surface 36, system 10 also includes mount 50 configured to 
support measurement object 40 and position it at the distance Z from reference surface 
36. Mount 50 is configured to permit small distances for Z, e.g., 2.5 mm or less for 
25 objects a few mm in thickness. To facilitate such distances, mount 50 typically does not 
protrude substantially beyond the front surface of measurement object 40 during use. In 
some embodiments, the positioning of mount 50 relative to reference surface 36 is under 
computer control by controller 60. Furthermore, mount 50 can include means for 
adjusting the angular orientations (e.g., tip, tilt, and axial positions). 
30 In an alternative embodiment, the object may be placed further away, e.g. 

Z ' » nT , and the data may be acquired at a higher frequency. For example, in Fig.4 
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there is shown a second sensitivity peak at 9v 0 which is a suitable frequency for sub- 

Nyquist data acquisition. The wavelength shift A/L would be exactly the same as before', 

■ • 

i.e. as given in Eq.(20), but measurement surface 44 would be placed at a distance 

Z' = 3 nT instead of Z = riT/3 . The unwanted surface reflections are still suppressed. 

i 

For this alternative "sub-Nyquist"embodiment, CCD camera 32 can include a shutter to 
reduce integration time for each frame, to thereby reduce dampening caused by 
integrating over a range of modulation frequencies. For example, it is this dampening 

■ 

effect that makes the calclulated sensitivity at 9v 0 smaller than at V 0 in Fig.4. 
Alternatively, the driver can modulate the light wavelength discretely so that each frame 
1 0 is collected for substantially constant light frequency, in which case the shutter is not 

necessary to reduce the dampening. One advantage of such sub-Nyquist embodiments is 
that they pertnit larger working distances between the reference surface and the surface of 

■ 

interest. ' • • 

The light source for the phase-shifting interferometry system can be a laser such 

15 as a gas, solid-state, tunable dye or semiconductor laser. The light source can also be a 
white-light source with a tunable' narrow-band spectral filter. Furthermore, in some 
\ embodiments the light source can operate at multiple nominal wavelengths to resolve 
phase cycling ambiguities in the extracted phase profiles. For example, the light source 
could operate adjustably between the multiple lines of a HeNe, Argon or diode laser. 

20 Also, in some embodiments the light source can be coupled to the interferometer by an 
optical fiber. The wavelength tuning of the light source can be accomplish internal or 
external to the light source. For example, the cavity length of a laser light source can be 
thermally or by piezo-mechanically modulated, to adjust the wavelength of the laser 
output. Similarly, the injection current to the gain medium of a laser light source can 

25 modulated to adjust the wavelength of the laser output. Alternatively, for example, the 
wavelength output of the light source can be adjusted externally by acousto-optic, 
electro-optic, or opto-mechanical modulation. 

The total range and interval of the wavelength tuning depends on the particular 
PSI algorithm. The thirteen-frame algorithm, for example, collect images at thirteen 

30 wavelengths corresponding to intervals of a Q = njA fundamental phase shift at the 
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10 



15 



20 



25 



30 



phase-shifting frequency of the interference pattern of interest. Other PSI algorithm can 

* 

use, for example, intervals of a 0 = n/2 phase shift. More generally,, the total range of 

wavelength tuning typically, although not necessarily, spans at least a %7t of 

accumulated phase shift at the phase-shifting frequency of the interference pattern of 
i 

interest. For example, if the surface of interest is the front surface of the measurement 

t 

■ i ■ 

object as in FIG.l, Eq.(20) implies that the total tuning range A for the thirteen-frame 
algorithm should be greater than 1 or equal to the following limit: 



• 



A « 5/Ljj jlnT 



(28.) 



Assuming a nomirial wavelength of 680 nm and a measurement object refractive index of 

1 .5, an approximate condition is A > 0.7 hm or -450 GHz of optical frequency range 

divided by the object thicjqiess in mm. Thus, for a measurement object thickness of 5 

mm, an approximate tuning range of about 90 GHz is suitable. Light sources having such 

a suitable tuning range can include laser diodes such as a distributed feedback (DFB) 

laser or a coupled cavity device, possibly with direct thermal tuning. Alternatively, the 

light Source c ( an include external cavity laser diodes, such as those available 

t « ■ 
commercially from New Focus Corporation (Santa Clara, CA) under the brand names 

VORTEX™ or VELOCITY™, which provide tuning ranges of 80 GHz and 6500 GHz, 

respectively, at 680 nm. 

» > 

Although phase-shifting system in FIG. 1 included a Fizeau interferometer, other 
embodiments can employ an interferometer of a different type such as Twyman Green, 
Mach Zehnder, Michelson, Fahry-Perot, and grazing-incidence or unbalanced Mirau. 
Furthermore, the interferometer can be a large aperture, microscope, or fiber optic sensor 
interferometer. 

Also, the measurement object can take on many forms. For example, the 
measurement object can be an optical flat, a photomask, a flat-panel display, or a silicon 
wafer (which would involve infrared illumination). Furthermore, the measurement object 
can be a cemented optic or an air-spaced optical assembly. The measurement object can 
also be or include a spherical or aspherical dome, contact lens, meniscus lens, or 
spectacle lens. Typically, the measurement object is transparent or partially transparent 
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at the wavelength of the light source. More generally, the measurement object is any 
structure, e.g., micromachined silicon, for which it is desirable to suppress optical 
information related some surface features while measuring optical information from 
others. The desired optical information can relate to the topography of a selected surface 

■ 

5 of the measurement object or to the optical profile including refractive index 

i 

inhomogeneities of all or a selected portion 6f the measurement object. 

■ 

1 In any of the embodiments described above, the controller can include hardware, 
software, or a combination of both to control the other components of the system and to 
analyze the phase-shifted images to extract the desired information about the 
10 measurement object.' The analysis steps described above can be implemented in 
computer programs using standard programming' techniques. Such programs are 
designed to execute on programmable computers each comprising a processor, a data 
storage system (including memory and/or storage elements), at least one input device, 

and least one output device, such as a display or printer. The program code is applied to 

i * i 

1 5 input data (e.g., the phase-shifted images from the CCD camera),to perform the functions 

■ 

described herein and generate output infbrmation (e.g., the topography of a selected 
surface), which is applied to one or more outputdevicefc. Each such computer program 

i t 

can be implemented in a high-level procedural or object-oriented programming language, 
or an assembly or machine language. Furthermore, the language can be a compiled or 

20 interpreted language. Each such computer program can be stored on a computer readable 
storage medium (e.g., CD ROM or magnetic diskette) that when read by a computer can 
• cause the processor in the computer to perform the analysis described herein. For 
example, MetroPro™ software available from Zygo Corporation (Middlefield, CT) 
implements the thirteen-frame algorithm when operating in the "High Res" phase 

25 processing mode. 

• Other aspects, advantages, and modifications are within the scope of the 
following claims. 

What is claimed is: 

30 
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1 . A method for interferometrically profiling a measurement object having 
multiple reflective surfaces, the method comprising: * 

i 

i 

positioning the measurement object within an unequal path length interferometer 
employing a tunable coherent light source; 
5 recording an optical interference image for each of multiple wavelengths of the 

light source, each image comprising a superposition of multiple interference patterns 
I produced by pairs of wavefronts reflected from the multiple surfaces of the measurement 
object and a reference surface; and 

■ * 

^ extracting phases of a selected one of the interference patterns from the recorded 

1 0 images by using a phase-shifting algorithm that is more sensitive to a wavelfcngth- 

dependent variation in the recorded images caused by the selected interference pattern 
than to wavelength-dependent variations in the recorded images caused by the other 
interference patterns. 

15 2. The method of claim 1 , wherein the phase-shifting algorithm is at least ten- 

* 

times more sensitive to a wavelength-dependent variation in the recorded images caused 
by the selected interference pattern than to wavelength-dependent variations in the 
recorded images caused by the other interference patterns. 

20 3 . The method of claim 1 , wherein the unequal path length interferometer is a 

Fizeau interferometer. 



4. The method of claim 1, wherein the phase-shifting algorithm includes a phase 
calculation equal to an arctangent of a ratio, the numerator and denominator of the ratio 
25 being weighted sums of intensity values of the recorded images at each spatial 
coordinate. 



5. The method of claim 1, wherein the multiple wavelengths are spaced from one 
another to impart an absolute phase-shift of less than 2n between the selected 
30 interference patterns in consecutive images. 
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* 6. The method of claim 1 , wherein the multiple wavelengths are spaced from one 

another to impart an absolute phase-shift of greater than 2n between the selected 
interference patterns in consecutive images. 

5 7. The method of claim 1 , wherein the multiple wavelengths are spaced from one 

another to impart substantially equal phase-shifts between the selected interference 
* patterns in consecutive images. • 

8. The method of claim 1 , wherein the phase-shifting algorithm is a Fourier-' 
10 series phase-shifting' algorithm. 

i ■ 

9. A method for interferometricaljy profiling a measurement object having 
multiple reflective surfaces, the method comprising: 

i 

positioning the measurement object within an unequal path length interferometer 
15 employing a tunable coherent light source; , , 

recording an optical interference 'image for each of ipultiple wavelengths of the 

I r 

light source, each image comprising a superposition of multiple interference patterns 
produced by pairs- of wavefronts reflected from the multiple surfaces of the measurement 
object and a reference surface; 
20 extracting phases of a selected one of the interference patterns from the recorded 

images by using a Fourier-series phase-shifting algorithm. 

10. The method of claim 9, wherein the Fourier-series phase-shifting algorithm 
includes a phase calculation equal to an arctangent of a ratio, the numerator and 

25 denominator of the ratio being weighted sums of intensity values of the recorded optical 

» 

interference patterns at each spatial coordinate. 

1 1 . The method of claim 1 0, wherein the phase calculation corresponds to: 

30 tan(6) = ~ 3 (gQ ~Sn)- 4 (gl ~8n) + 12 (g3 - S9 ) + 21(g 4 - g 8 ) + 1 6(g s - g 7 ) 

-4(gi +gn)-12(g 2 + + SH>) + 16(g 5 + S7) + 24 S6 
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where for each spatial coordinate, 9 is the phase extracted by the algorithm and gy is the • 
intensity value of the "f hu image, and where the wavelength shift AX between consecutive 
patterns corresponds to a phase shift substantially equal to n/4 for the selected 
5 interference pattern. ' ' 

i 

i 

1 1 2. A system' for profiling a measurement obj ect having Imultiple reflective 

■ 

surfaces comprising: 

\ a tunable coherent light source configured to generate light at any one of multiple 

10 wavelengths; 

an unequal path length interferometer comprising a mount configured to position 
a selected one of the reflective surfaces of the measurement object at a non-zero distance 

Z from the zero optical path difference (OPD) position of the interferometer, wherein Z 

i 

less than about nT/2 , nT being the smallest optical distance between two of the multiple 
1 5 reflective surfaces of the measurement object, and wherein the interferometer is 

i 

configured to receive the light from light source and generate an optical interference 
image comprising a superposition of multiple interference patterns produced by pairs of 
wavefronts reflected from the multiple surfaces of the measurement object and a 
reference surface; 

20 a detector configured to record the optical interference image generated by the 

interferometer; and 

a system controller connected to the light source and the detector and which 

during operation causes the light source to generate light at each of the multiple 

wavelengths, causes the detector to record the image for each of the multiple wavelengths 
25 of the light source, and implements a phase-shifting algorithm to determine phases of a 

selected one of the interference patterns from the recorded images. 

13. The system of claim 12, wherein Z is equal to about nT/3 . 
30 14. The system of claim 12, wherein Z satisfies 7tT/2 >Z> nT/5 . 
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15. The system of claim 12, wherein the unequal path length interferometer is a 
Fizeau interferometer. 

16. The system of claim 12, wherein the phase- shifting algorithm implemented 
5 by the controller is more sensitive to a wavelength-dependent variation in the recorded 

images caused by the selected interference pattern than to wavelength-dependent 
i variations in the recorded images caused by the other interference patterns. 

* • 

^ 17. The system of claim 12, wherein the phase-shifting algorithm implemented 

10 by the controller is a Fourier-series phase-shifting algorithm. 



18. A system for profiling a measurement object having multiple reflective 

surfaces comprising: 

a tunable coherent light source configured to generate light at any one of multipl 

• ■ 

1 5 wavelengths spanning a range greater than or equal to about 7?/nT where X is an 1 
intermediate one of the multiple wavelengths and nT is the smallest optical distance 
between two of the multiple reflective surfaces of the measurement object; 

an'unequal path length interferometer configured to support the measurement 
object, receive the light from light source, and generate an optical interference image 

20 comprising a superposition of multiple interference patterns produced by pairs of 
wavefronts reflected from the multiple surfaces of the measurement object and a 
reference surface; 

a detector configured to record the optical interference image generated by the 
interferometer; and 

25 a system controller connected to the light source and the detector and which 

during operation causes the light source to generate light at each of the multiple 
wavelengths, causes the detector to record the optical interference image for each of the 
multiple wavelengths of the light source, and implements a phase-shifting algorithm to 
determine phases of a selected one of the interference patterns from the recorded images 

30 
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» 

19. The system of claim 18, wherein the wavelengths span a range greater than or 
equal to about 3A, 2 /2w7\ 

■ 

■ 

20. The system of claim 18, wherein the wavelengths span a range equal to about 
5 btfllnT. , 

i • 

t 

I 

21. The system of claim 18, wherein the unequal path length interferometer is a 

* j 

Fizeau interferometer. 



10 22. The system of claim 1 8, wherein the tunable coherent source comprises a 

laser diode and a driver which during operation adjusts the current to the laser diode to 
vary wavelength output of the laser diode: 



i • 



23. The system of claim 18, wherein the phase-shifting algorithm implemented 
15 by the controller is more sensitive to a wavelength-dependent Variation in the recorded 

images caused, by the selected interference pattern than to w'avelength-dependent 
variations in the recorded images caused by the other interference patterns. 

24. The system of claim 18, wherein the phase-shifting algorithm implemented 
20 by the controller is a Fourier-series phase-shifting algorithm. 
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